As the existing AC power system is faced with development bottleneck such as the integration of renewable energy sources, high power quality and so on, the introduction of multi-terminal DC distribution network in the future smart grids is of significant importance. This paper presents a novel modeling method of electric components from the view of control instead of the detailed modeling of each IGBT-based converter. Three models are put forward to imitate the electrical characteristics of load-converter module, source-converter module and DC transformer. The proposed three models can cover all electric components in the DC distribution network, which lays the foundation for the further research on the DC distribution network. A six-terminal DC distribution network is constructed in Mat lab/Simulink based on the three proposed models, which verifies the correctness of the proposed modeling method.
Introduction
With the large scale penetration of new energy sources into the grid and the rapid development of EV industrial, DC transmission and distribution technology has become a heat topic in recent years. The conflict between the rapidly increasing industrial and civilian demand for electricity and limited power stations is driving the evolution of the existing AC grids. What's more, users' demand for power with higher reliability and quality is also leading the dramatic transformation of the traditional AC power systems towards DC.
Up to now, DC technology applied in the transmission network has been exploited a lot by many researchers around the world [1] - [3] . Multi-terminal direct current (MTDC) transmission systems based on voltage source converters (VSC) have been commercially available. Some demonstration projects have been put into practice [4] . However, the research on MTDC distribution network is still under theoretical stage. The structure of the distribution network is more complicated than the transmission network, which poses much challenge to the research on MTDC distribution network.
DC distribution network is usually composed of distributed energy sources, AC/DC loads, energy storage units, AC grid and converters. DC distribution network has incomparable advantages when compared with AC distribution network. It has been pointed out in [5] that the power supply capacity of DC distribution network is enlarged by 1.5 times with the same cost and occupying space of transmission lines. Paper [6] presents that DC distribution network with energy storage system (ESS) can help to solve the power quality problem such as flicker effect when the impact load is integrated into the grid. Furthermore, the cable loss of the DC distribution is only 15% to 20% of that of AC distribution if the DC voltage is two or three times higher than AC voltage [7] , which leads to higher efficiency of the whole system. In paper [8] , DC distribution network has been demonstrated to have higher power reliability than AC distribution based on the study of the typical structure of American data center.
This paper presents a novel modeling method to imitate the electrical behavior of all electric components in the DC distribution network instead of direct modeling of semiconductor device (e.g. IGBT).The rest of this paper is organized as follows: Section II will introduce the operating principle of the proposed modeling method in detail. In Section III, study on the single-source infinite-bus system is conducted to verify the feasibility of the proposed model. Furthermore, the structure of a single source connected with infinite bus through DC transformer is also tested. The electrical behavior of the proposed model is analyzed. The simulation of a six-terminal DC distribution network is carried out in Section IV to verify the correctness of the proposed modeling method. Finally, conclusions are conducted in Section V.
Modeling of Electrical Components in DC Distribution Network

Source Model
Digital PI control algorithm is adopted in the control part of the source model, which can be deducted from the typical analog PI control. The time domain representation of the analog PI control algorithm can be expressed as below [9] , [10] ,
Where K p is the proportional coefficient, K i is the integral coefficient, e(t) is the error input to the PI regulator and u(t) is the output of the PI regulator.
Difference equation is achieved after discretization of the above equation,
Where T sam is the sampling period, measure expect P P k e − = ) ( . Therefore, the digital PI control algorithm can be represented with equation
The output of the PI regulator is given below, The proposed source model is made up of a controlled voltage source and its control part to substitute the structure of a real source (AC source or DC source) connected with a converter (AC-DC converter or DC-DC), as shown in Fig. 1 and Fig. 2 . The output of the controlled voltage source is treated as the output port of the source model and then connected to the system through transmission lines. The output voltage of the source model is used to imitate the voltage modified by a real converter. The power generated by the controlled voltage source is used to imitate the power generated by a real source. Based on the principle of digital PI control algorithm stated above, the control procedures within the control unit of the source model are analyzed in detail. The definition of each input and output port within the main control module is given in Table 1 . Three memory units are used to save the values of last step k-1. Transport delay unit is used to imitate the behavior of gate delay of semiconductor devices. The voltage control signal connected to the controlled voltage source at step k-1.
error0
The error between measured output power and expected power at step k-1.
Output port p0out
The output power of the source model at step k.
y The voltage control signal connected to the controlled voltage source at step k.
error_out The error between measured output power and expected power at step k.
The control procedure in the control unit will be analyzed in detail. Firstly, the power generated by the source measure P is figured out according to the voltage value V and current value I measured by the voltmeter and ammeter. In this paper we specify the direction of the current to be "positive" when the power flows into the source model,
) (k ε is defined as the error between the measured output power measure P and the expected power expect
Power disturbance gen P ∆ occurs at any given moment. As a result, the output voltage V of the source model is adjusted to maintain the power balance of the whole system. The adjustment is determined by the control unit within the source model. The adjustment amount of the output voltage
is achieved on the basis of equation (3),
Where k p and k i are the coefficients of the PI regulation,
The loop ends until the condition 
Load Model
The operating principle of the load model is almost the same as that of the source model as load can be treated as a source that generates "negative" power. It is worth to point out that the output voltage of the source model must be larger than base V so that the source model can generate power. Meanwhile, upper limit (1+3%) base V is assigned for the source model to guarantee the stable operation of the whole system. However, it is opposite for the load model. The output voltage must be lower than base V so that it can consume power but should be larger than the lower limit (1−3%) base V . As for the energy storage system in the DC distribution network, it will act as source in discharging mode and act as load in charging mode. Therefore, the output voltage must be constrained within the range
V ] so that the power flow direction is bidirectional. It is also the same for the AC or DC microgrid unit, denoted as active load model in this paper. The detailed analysis of the load model will be omitted in this paper.
DC Transformer Model
The DC transformer model is composed of three parts: low voltage side, high voltage side and the control module. The schematic is shown in Fig. 4 . Two controlled voltage sources are used to substitute IGBT based converters. The control module generates two signals to control the output voltage value of the two controlled voltage sources. The main control module of the DC transformer consists of 10 input ports and 3 output ports. It generates two control signals to realize the voltage adjustment of the controlled voltage source at each side. The schematic of the main control module is shown in Fig. 5 . The definition of each input and output port within the main control module is given in Table 2 . The error between measured output power and expected power at step k-1.
Output port y2
The voltage control signal connected to the controlled voltage source of the low voltage side at step k.
y3
The voltage control signal connected to the controlled voltage source of the high voltage side at step k.
error_out The error between measured output power and expected power at step k. 
Case Study
Source Model
To study the electrical characteristics of the source model, simulation of a single source model connected with infinite bus is carried out. The schematic is shown in Fig.7 . The encapsulated source model is used to imitate the electrical behavior of a real source connected with a converter. The DC voltage source is used to represent the 10kV infinite DC bus.
gen P ∆ is the input variable to the source model, which represents the power disturbance generated by the source. V is the output variable, which represents the output voltage of the source model. From the simulation results, we can get that the power disturbance To ensure the power quality of the power supply within the DC distribution network, the voltage fluctuation must be limited with the specified range, for example 3% base V . The relation between the output voltage and power of the source model is given in Fig. 10 . It can be seen that the output voltage is proportional to the generated power. The relation can be expressed with the following equation,
Where fun k is the slope of the linear curve. 
Load Model
The simulation of the load is almost the same as that of the source model except the power flow direction is opposite. The simulation results of the load model will not be repeated in this paper.
DC Transformer Model
The simulation of the DC transformer is conducted on the structure shown below, where the source module is connected to the 10kV infinite DC bus through a step-up DC transformer. The base voltage of low voltage side and high voltage side is 1kV and 10kV, respectively.
The initial adjustment process of the DC transformer is shown in Fig. 12 . According to the characteristics of the source model stated above, after several hundred milliseconds' regulation, the power generation of the source model approaches to the expected value The voltage relation between the low voltage side and the high voltage side is given in Fig. 14(a) . Also, the power relation of both sides is given in Fig. 14(b) . From Fig. 14(a) , it can be seen that the voltage of the high voltage side is linearly related to the voltage of the low voltage side and the ratio of the line is 10, which means the voltage transformation of the DC transformer is 10. From Fig. 14(b) , the power of the high voltage side is also linearly related to the power of the low voltage side and the ratio of the line is 0.9825, which means the power loss of the DC transformer is approximately 2%. From the above simulation analysis, the proposed DC transformer model can be considered to be a good replacement of the real DC transformer from the view of simulation. The voltage is transformed at specified ratio with a fixed power loss around 2%. Therefore, it is feasible to use this model in the simulation of a DC distribution network.
Study on the Six-terminal DC Distribution Network
Based on the proposed models of electric components introduced in the previous section, a six terminal DC distribution network is constituted to test the correctness of the proposed modeling method. The schematic is shown in Fig. 15 . The voltage rank of the DC distribution network is ±10kV. The length of transmission lines is marked in Fig.15 and the capacity of each node is listed in Table 3 . In this structure, source unit such as PMSG, PV and wind energy and its adjacent converter is replaced by the proposed source model. AC/DC load together with its adjacent converter is replaced by the proposed load model. Active load model is used to represent battery, micro grid and AC grid. No IGBT based converter is used in the simulation structure. The power flow in the DC distribution network is shown in Fig. 16 . It can be seen that all bus voltage are kept within suitable range. The six terminal DC distribution network can operate under stable condition with the use of the proposed modeling method. The simulation time is dramatically reduced when compared with the detailed modeling of each IGBT based converter. 
Conclusion
In this paper, three novel models are proposed, which can effectively imitate the electrical behavior of real electric components in the DC distribution network. A six-terminal DC distribution network composed of distributed energy sources, AC/DC loads, energy storage units and AC grid is constructed with the use of the proposed modeling method. The correctness and effectiveness of the modeling method is proved by simulations. The simulation tools such as Matlab or PSCAD can hardly handle the computational complexity of the whole system if detailed modeling of each IGBT based converter is used. However, with the used of the proposed models, the simulation time can be significantly reduced. Therefore, the modeling method proposed in this paper is suitable for the simulation of complex DC distribution network.
